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Brain computed tomography perfusion may help
to detect hemodynamic reconstitution and predict
intracerebral hemorrhage after carotid stenting
Shy-Chyi Chin, MD,a Chien-Hung Chang, MD,MSc,b Ting-Yu Chang, MD,b Ko-LunHuang, MD,b
Tai-ChengWu,MD,b Jr-Rung Lin, PhD,c Yeu-Jhy Chang, MD,b and Tsong-Hai Lee, MD, PhD,b
Taoyuan, Taiwan
Objective: We wanted to examine whether brain computed tomography (CT) perfusion can help to detect the reconsti-
tution of cerebral hemodynamics and predict intracerebral hemorrhage (ICH) after carotid stenting.
Methods: From September 2002 to October 2009, data of 114 patients with carotid intervention were prospectively
collected, and we retrospectively identified a total of 108 consecutive patients with unilateral carotid stenting. Brain CT
perfusion was studied at three time points: 1 week before, and 1 week and 6months after stenting. Cerebral blood volume
(CBV), cerebral blood flow, and time to peak (TTP) of brain CT perfusion were examined at cortical and subcortical areas
of middle cerebral artery (MCA) and posterior cerebral artery territory. The CBV, cerebral blood flow, and TTP ratios
of stenting side/nonstenting side were used for comparison. The flow direction of ophthalmic artery was detected by
sonography, and the presence of anterior communicating artery was examined on prestenting cerebral angiogram.
Results: After carotid stenting, CBV and TTP ratios improved significantly in both MCA cortical and subcortical areas in
patients with unilateral carotid stenosis (P< .01) but not in patients with bilateral carotid stenosis. Patients with reversed
ophthalmic flow had better improvement of TTP in both MCA and posterior cerebral artery territories (P < .05) than
patients with forward flow. However, no significant difference was found between patients with and patients without
anterior communicating artery collateral (P > .05). The prestenting TTP ratio in MCA subcortical area was significantly
higher in patients with poststenting ICH than patients without ICH (P  .0191).
Conclusions: Cerebral hemodynamics can be reconstituted within a few days after carotid revascularization, especially in
patients with reversed ophthalmic flow. Prolonged TTP in prestenting MCA subcortical area may suggest a high risk of
poststenting ICH. (J Vasc Surg 2012;56:1281-90.)
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cCarotid artery stenosis carries a high risk of stroke,1 and
carotid stenting or endarterectomy is known as a treatment
option for the prevention of ischemic stroke in patients
with severe carotid artery stenosis.2 For symptomatic ca-
rotid stenosis, the major decision required is to choose
which is best suited for individual patients among carotid
stenting and endarterectomy; for asymptomatic carotid
stenosis, intensive medical management has evolved signif-
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http://dx.doi.org/10.1016/j.jvs.2012.04.038cantly over the past decade to decrease the risk of ischemic
troke to match surgical intervention; however, the benefit
f carotid revascularization versus aggressive medical ther-
py has not been established.
Whether severe carotid artery stenosis can cause cere-
ral hemodynamic compromise and result in an increased
isk of stroke and/or transient ischemic attack3,4 is always a
oncern when deciding interventional treatment. A simple
idely available tool is required to examine the benefit of
arotid revascularization. Brain computed tomography
CT) perfusion is known as an available and effective
ethod to detect the vulnerability of ischemic tissue and
he risk of progression to ischemic stroke5,6; when com-
ined with acetazolamide, it can examine the vasomotor
eactivity in patients with severe carotid stenosis.7 Some
eports have demonstrated the temporal change of brain
T perfusion after carotid stenting.8,9 However, these
eports did not examine the perfusion changes in cortical
nd subcortical area of the middle cerebral artery (MCA)
erritory separately. The influence of collateral flow such as
phthalmic artery and anterior communicating artery
AcomA) on cerebral perfusion was also not evaluated.
urthermore, intracerebral hemorrhage (ICH), the most
atastrophic poststenting hyperperfusion injury, usually oc-
urs in the basal ganglion, which corresponds to the sub-
ortical area of MCA territory, but there is no perfusion
tudy to predict hyperperfusion injury specific in this area.
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November 20121282 Chin et alTherefore, when choosing carotid intervention as treat-
ment, aside from the severity of carotid stenosis, whether it
can help by improving cerebral perfusion should always be
considered. For clinicians, there is also a need to have pre-
stenting predictors for early prevention of serious post-
stenting complications such as ICH. The present study
evaluates whether brain CT perfusion can be a tool for
detecting the reconstitution of cerebral hemodynamics in
relation to collateral flow change after carotid stenting, and
if poststenting ICH can be predicted on prestenting CT
perfusion imaging.
METHODS
The experimental protocol and informed consent were
approved by the Institutional Review Board in accordance
with the ethical standards laid down in the 1964 Declara-
tion of Helsinki, and all subjects gave informed consent.
Details that might disclose the identity of the subjects have
been omitted.
Study population. From September 2002 toOctober
2009, data of 114 patients receiving carotid intervention
were prospectively collected, and we retrospectively identi-
fied 108 patients with unilateral carotid stenting for analy-
sis. Six patients were excluded due to simultaneous verte-
bral stenting in four patients and simultaneous subclavian
and bilateral carotid stenting, each in one patient. There
were 30 cases with bilateral carotid artery stenosis and 78
with unilateral stenosis (60%). Carotid artery disease was
identified by carotid duplex ultrasound. The severity of
carotid stenosis was confirmed by digital subtraction an-
giography (DSA), and diameter stenosis on DSA was cal-
culated according to the North American Symptomatic
Carotid Endarterectomy Trial criteria. Carotid intervention
was advised according to the regulations of national Health
Insurance Bureau: for symptomatic patients, (1) diameter
stenosis60% and (2) mild neurological deficit with mod-
ified Rankin scale score3, and for asymptomatic subjects,
diameter stenosis 80%. In the 30 patients with bilateral
carotid stenosis, only the symptomatic artery or the most
stenotic artery was treated. All patients had no contraindi-
cations to contrast medium such as renal failure or contrast
material allergy.
Carotid stenting. Three to five days before stenting,
patients started receiving aspirin (100 mg) and clopidogrel
(75 mg/d, Plavix; Bristol-Myers Squibb/Sanofi Pharma-
ceuticals, New York, NY) daily. Transfemoral catheteriza-
tion was performed. Systemic anticoagulation was given
during the procedure to maintain an activated clotting time
of 250 seconds above. A low-profile 3.5-mm balloon cath-
eter was used to cross and predilate the stenosis. The
stenting device, including WALLSTENT (Boston Scien-
tific, Natick, Mass) or SMART stent (Cordis Endovascular
Systems, Miami Lakes, Fla), was used to deploy across the
lesion, and then the stent was postdilated with a high-
pressure noncompliant angioplasty balloon to achievemore
than 90% luminal diameter. After deployment, angiography
was studied at the stented site and the distal cerebral
vasculature to confirm the successful stenting. The patient das then admitted to intensive care unit for 24 to 48 hours
ith close monitoring. Antihypertensive agents were used
o maintain systolic pressure lower than 140 mm Hg and
iastolic pressure lower than 90 mm Hg. Poststenting
ombination therapy with aspirin and clopidogrel was con-
inued for 3 months and then shifted to aspirin alone.
Brain CT perfusion. Brain CT perfusion was studied
ithin 1 week before stenting, and 1 week and 6 months
fter stenting. The source images of dynamic CT perfusion
ere acquired by using a 16-detector scanner (SOMATON
ensation; Siemens, Erlangen, Germany). The total 24-mm
erfusion scanning was performed at the level of basal
anglion and centrum semiovale, the position of which was
etermined by the preceding plain axial brain scan. The
canning angle was set parallel to the orbito-meatal line to
void direct exposure of the eye lenses to radiation. The
alidated brain perfusion protocol was provided on scanner
y the Siemens Company during installation with scanning
arameters, including cycle time of 0.5 second for the
cquisition of 80 images within 40 seconds, 80 kV, 120
A, 512 512 matrix and a standard kernel with a field of
iew of 230 mm. With the 16-detector row scanner, 16 
.5-mm collimation was used and then the images were
econstructed in two 12-mm slabs. For all perfusion scan-
ing, a bolus injection of 40 mL nonionic contrast agent
Omnipaque 350 mg of iodine per milliliter, GE Health-
are, Cork, Ireland) followed by a 40-mL saline chaser
olus was administered at 5 mL/s by using a dual-head
ower injector (Stellant Dual CT Injector;Medrad Europe,
eek, The Netherlands). The radiation dose from one CT
erfusion scan on each patient was 10.94  0.78 mSv.
Perfusion CT data were processed at a workstation
onsole (Syngo Neuro PCT; Siemens), in which the pre-
rogrammed standard workflow was facilitated by the step-
ise tool palettes for (1) segmentation of brain tissue to be
alculated; (2) reference vessel to be chosen for normaliza-
ion and yielding of time-density curve; and (3) setting of
nhancement threshold to eliminate vessels by comparing
heir enhancement values with the maximum contrast en-
ancement found in the reference vessel. For venous refer-
nce, the posterior third of the superior sagittal sinus was
sed and for arterial inflow reference, the earliest appearing
nd most densely enhancing artery, usually one of the
nterior or middle cerebral arteries, was used. Then, three-
olor maps of parameters were generated, including cere-
ral blood volume (CBV; ie, the distribution of blood per
nit brain tissue), cerebral blood flow (CBF; ie, the blood
olume running through the capillary blood vessels per unit
f time per unit of brain tissue), and time to peak (TTP; ie,
he relative time of peak enhancement for tissue voxels,
easured in seconds, at which the tissue concentration is
argest). CBV and CBF can help to understand the mi-
roenvironment perfusion status of brain tissue. TTP is
ensitive to themacrovascular transit effects and is useful for
xpeditiously identifying the brain tissue affected by de-
ayed flow due to stenosis or occlusion. The decline of TTP
atio usually represents the improvement of flow (less flow
elay). The region of interest was manually drawn and
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Volume 56, Number 5 Chin et al 1283mirrored on contralateral hemisphere for quantitatively
comparing the vascular territories of MCA (cortical and
subcortical area) and posterior cerebral artery (PCA) at the
level of the basal ganglion, 3 cm above the dorsum sellae.
Statistical analysis. Brain CT perfusion parameters,
including CBV, CBF, and TTP, were calculated at subcor-
tical, cortical, and total area of MCA and total PCA terri-
tory (Fig 1). The CBV, CBF, and TTP ratio of stenting
side/nonstenting side was used for analysis, and results
were given as mean  standard deviation. The method of
generalized estimating equations (GEE; SPSS v17, SPSS
Inc, Chicago, Ill) is widely used in regression analysis and is
often used to analyze longitudinal and other correlated
response data, particularly if responses are binary.10 We
used this method to examine the hemodynamic influence in
the presence of ophthalmic or AcomA collateral. As GEE
analysis does not require a balanced design (ie, observations
at all measurements for each participant), it can accommo-
date correlated errors due to repeated measures. Values
were considered statistically significant if P  .05.
RESULTS
The clinical profile of the 108 patients is shown in Table
I. Hypertension (79.5%, 80.0%), coronary artery disease
(66.7%, 70.0%), and smoking (47.4%, 56.7%) were the
three most common risk factors for both unilateral and
bilateral carotid stenosis. Among all subjects, one patient
(0.9%) had amaurosis fugax, 19 (17.6%) had transient
ischemic attack, and 63 (58.3%) had hemispheric ischemic
stroke. The interval between symptom onset and stenting
was 14 to 226 days (mean, 46.5 38.2 days). In the 25
(23.1%) asymptomatic subjects, 20 (80%) had complaints
of dizziness and unsteadiness.
In the 78 patients with unilateral carotid stenosis
Fig 1. Brain computed tomography (CT) demonstrate
middle cerebral artery territory; M, middle cerebral arte
cerebral artery territory.(Table II; Fig 2), CBV and TTP ratio showed significant .mprovement from prestenting to poststenting 6months in
he MCA territory (total, cortical, and subcortical areas;
EE: all P  .001, except CBV in subcortical area, P 
imaging level for perfusion study. C, Cortical area of
posterior cerebral artery; S, subcortical area of middle
able I. Clinical profile of patients who received
nilateral carotid stenting
Unilateral
stenosis
Bilateral
stenosis
ubject number 78 30
ge (years, mean  SD) 70.5  6.9 71.3  6.1
ale/female 69/9 26/4
linical presentation (n, %)
Amaurosis fugax 1, 1.3% 0, 0.0%
Transient ischemic attack 14, 18.0% 5, 16.7%
Ischemic stroke 46, 59.0% 17, 56.7%
Asymptomatic 17, 21.7% 8, 26.6%
isk factor (n, %)
Hypertension 62, 79.5% 24, 80.0%
Diabetes mellitus 20, 25.6% 13, 43.3%
Coronary artery disease 52, 66.7% 21, 70.0%
Smoking 37, 47.4% 17, 56.7%
Alcohol 13, 16.7% 0, 0.0%
Hypercholesterolemia
(200 mg/dL) 25, 32.1% 13, 43.3%
Hypertriglyceridemia (150
mg/dL) 32, 41.0% 14, 46.7%
Hyperuricemia (8 mg/dL) 16, 20.5% 4, 13.3%
amily history (n, %)
Cerebrovascular disease 16, 20.5% 6, 20.0%
Coronary artery disease 5, 6.4% 3, 10.0%
egree of stenosis by digital
subtraction angiography
(NASCET criteria,
mean  SD %)
Stenting artery 74.2  17.4 73.0  13.2
Nonstenting artery 21.3  23.6 79.9  22.4
ASCET, North American Symptomatic Carotid Endarterectomy Trial;
D, standard deviation.s the
ry; P,004). The TTP ratio also showed significant improvement
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November 20121284 Chin et alin the PCA territory (GEE: P .001). However, there was
no significant change of CBF in all studied territories
(GEE: P  .05). In the 30 cases with bilateral carotid
stenosis, there was no significant change of brain CT per-
fusion parameters (P  .05).
The study of ophthalmic flow direction (Table III; Fig
3) showed that in the 78 patients with unilateral carotid
stenosis, patients with reversed ophthalmic flow had signif-
icant improvement of TTP when compared with patients
with forward ophthalmic flow from prestenting to post-
stenting 6 months (GEE: all P  .05) in all the MCA and
PCA territories. Accompanying the improvement of TTP
after carotid revascularization, the reversed ophthalmic
flow returned forward within 1 week after stenting. How-
ever, there was no significant difference of CBV and CBF
(GEE: P  .05) except CBV in the MCA cortical area
showed significant improvement (GEE: P  .005). In the
study of AcomA collateral flow (Table IV), there was no
significant difference of brain CT perfusion parameters
between patients with and without AcomA collateral flow
(GEE: P  .05).
If prestenting brain CT perfusion parameters were eval-
uated to predict the occurrence of poststenting ICH (Table
V), patients with poststenting ICH (n  6) had signifi-
cantly increased prestenting TTP ratio in the MCA subcor-
tical area (1.07 0.19 vs 1.29 0.29; Student t-test: P
.0191) than patients without hemorrhage (n  102). In
the MCA cortical area and PCA territory, brain CT perfu-
sion parameters had no significant change between the two
groups (Student t-test: P  .05).
DISCUSSION
The reasons why we used interhemispheric ratio rather
than absolute value of brain CT perfusion parameters for
Table II. Temporal change of brain CT perfusion in relat
stenosis
Stenting side/nonstenting side ratio (
Area/time point Perfusion 1 week prestent
MCA total area CBV 1.04  0.08
CBF 0.99  0.09
TTP 1.16  0.21
PCA area CBV 1.00  0.18
CBF 097  0.11
TTP 1.07  0.11
MCA cortical area CBV 1.06  0.08
CBF 0.99  0.11
TTP 1.18  0.23
MCA subcortical area CBV 1.04  0.07
CBF 0.98  0.10
TTP 1.16  0.21
CBF, Cerebral blood flow; CBV, cerebral blood volume; CI, confidence inte
middle cerebral artery; PCA, posterior cerebral artery; SD, standard deviatio
aP  .01.analysis are due to several considerations. First, blood pres- sure is the most important determinant for cerebral perfu-
ion, and the level of blood pressure at prestenting and
oststenting stages may influence the absolute brain CT
erfusion value. Second, a previous study9 has shown that
bsolute brain CT perfusion values are less suitable than
elative CT perfusion values for demonstrating changes in
erebral perfusion after revascularization in patients with
nilateral symptomatic carotid stenosis. Third, the software
sed to evaluate sampling intervals on CT perfusion image
elying on themaximum slopemodel may significantly alter
bsolute CBF and TTP values.11 Fourth, although brain
T perfusion is known to be a minimally invasive and
idely available examination, its application may be re-
tricted by large variation of results depending on the
ethod used for analysis.12,13 Finally, the ratios of brain
T perfusion parameters, either TTP or CBV, are sug-
ested to be more adequate measures than absolute values
n longitudinal studies because of their considerably lower
nter- and intraobserver variability.14
The reasons why our study showed lack of improve-
ent of cerebral perfusion in patients with bilateral carotid
tenosis may be due to, first, the fact that our study used
elative CT perfusion values for analysis, and reduced per-
usion in the contralateral hemisphere with severe carotid
tenosis may result in an overestimated interhemispheric
atio so that the ratio (whether TTP or CBF) may not
eflect precise perfusion changes of ipsilateral hemisphere.
econd, there is a limited number of patients with bilateral
arotid stenosis sufficient for subgroup analysis.
In the present study, we did not use positron emission
omography, single-photon emission computerized to-
ography, or xenon CT as an examination tool. Because
rst, previous studies have revealed that the CBF measured
ith brain CT perfusion correlates well with values mea-
o carotid stenting in patients with unilateral carotid
 SD)
Analysis of GEE
parameter estimates
95% CI
eek poststent 6 months poststent Lower Upper
01  0.08 0.99  0.05 0.04 0.01a
01  0.09 0.99  0.06 0.01 0.01
00  0.07 1.03  0.09 0.11 0.06a
99  0.10 0.99  0.09 0.05 0.01
99  0.13 0.99  0.09 0.00 0.03
01  0.06 1.02  0.07 0.05 0.02a
03  0.08 1.00  0.06 0.04 0.01a
03  0.09 0.99  0.06 0.02 0.02
00  0.06 1.03  0.10 0.12 0.06a
04  0.10 0.99  0.07 0.03 0.01a
06  0.12 0.98  0.07 0.02 0.02
00  0.06 1.04  0.11 0.09 0.04a
T, computed tomography; GEE, generalized estimating equations; MCA,
P, time to peak.ion t
mean
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Volume 56, Number 5 Chin et al 1285though brain CT perfusion cannot absolutely or directly
measure CBF, CBV, or TTP values, it is a more readily
accessible method than other tools for evaluating cerebral
perfusion.18 Third, in contrast to transcranial Doppler
sonography, brain CT perfusion can be analyzed in certain
vascular territory for comparison.
Brain CT perfusion has been used in a variety of studies.
In the study of subarachnoid hemorrhage, CBF ratio, if
compared with the contralateral region of interest, was
found to be the best prognosticator for the occurrence of
delayed cerebral ischemia.19 The study by Trojanowska et
al reported that cerebral perfusion deficits could be ob-
served in a majority of patients with carotid artery stenosis,
and this hemispheric hypoperfusion tended to improve
considerably after stenting.8 Another study by Waaijer
Fig 2. Temporal change of brain computed tomography
unilateral carotid stenosis in different brain area.CBF, Ce
cerebral artery; PCA, posterior cerebral artery; TTP, timet al9 reported that the level of mean transit time in brain oT perfusion could be used to differentiate groups of
atients in whom cerebral perfusion is to be improved to
arying extents in the cortical flow area of symptomatic
CA territory after stenting. However, these studies did
ot examine which perfusion parameter could be improved
est in certain brain areas after carotid revascularization,
hether there is prestenting perfusion deficit in the basal
anglion, and what is the influence of ophthalmic collateral
n perfusion deficits.
In cases of significant carotid artery stenosis, inade-
uate collateral compensation of the blood flow to stenotic
emisphere may result in hemispheric perfusion deficits.
ircle of Willis is the most common source of collateral
ow between the two cerebral hemispheres in cases of
evere carotid stenosis. If there is impaired circle of Willis,
) perfusion in relation to carotid stenting in patients with
blood flow;CBV, cerebral blood volume;MCA, middle
eak.(CT
rebralphthalmic flow will be reversed to compensate blood
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November 20121286 Chin et alsupply from external carotid to intracranial internal carotid
artery. The presence of reversed ophthalmic collateral flow
is suggested as a sensitive marker to predict hemodynamic
failure in patients with athero-occlusive disease.20 Previous
studies have shown reversed ophthalmic flow is more com-
monly seen in subjects with symptomatic carotid artery
stenosis, and patients with reversed ophthalmic flow may
have more subsequent cerebral ischemic events than those
with forward flow.21 Regional CBF measured by 133-
Xenon inhalation technique can be found impaired in pa-
tients with reversed ophthalmic flow or inadequate collat-
eral flow via the circle of Willis.22 Our study showed that
after carotid revascularization, reversed ophthalmic flow
can be returned to forward flow within a few days along
with significantly improved hemispheric perfusion, espe-
cially TTP, mainly on MCA area but also significantly on
PCA area (Fig 3). The return of ophthalmic flow is consis-
tent with our previous report which showed that Willisian
collaterals can be remodeled in response to carotid revas-
cularization either for relieving reperfusion pressure or for
supplying other hypoperfused areas.23 In the current study,
although TTP significantly improved after intervention in
all patients with unilateral carotid stenosis (Table II), when
Table III. Comparison of brain CT perfusion change betw
carotid stenting in patients with unilateral carotid stenosis
Stenting side/nonstenting side ratio (mean
Area/time point Perfusion OA flow
1 week
prestent
MCA total area CBV Forward 1.02  0.08
Reversed 1.07  0.06
CBF Forward 0.99  0.08
Reversed 0.98  0.11
TTP Forward 1.08  0.14
Reversed 1.28  0.24
PCA area CBV Forward 0.99  0.10
Reversed 1.03  0.27
CBF Forward 0.98  0.09
Reversed 0.96  0.13
TTP Forward 1.04  0.06
Reversed 1.11  0.16
MCA cortical area CBV Forward 1.03  0.08
Reversed 1.09  0.08
CBF Forward 1.00  0.08
Reversed 0.98  0.13
TTP Forward 1.10  0.14
Reversed 1.30  0.28
MCA subcortical area CBV Forward 1.03  0.07
Reversed 1.06  0.08
CBF Forward 1.00  0.07
Reversed 0.96  0.13
TTP Forward 1.09  0.13
Reversed 1.26  0.26
CBF, Cerebral blood flow; CBV, cerebral blood volume; CI, confidence inte
middle cerebral artery; OA, ophthalmic artery; PCA, posterior cerebral arteperforming subgroup analysis, this improvement of hemi- ppheric TTP was seen only in patients with reversed oph-
halmic flow but not in patients with forward flow (Table
II; Fig 3). This may reflect that carotid stenting may help
mprove cerebral hemodynamic decompensation in pa-
ients with reversed ophthalmic flow. This group of patients
ay be suitable for interventional treatment rather than
edical control.
The present study showed there was no significant
ifference of brain CT perfusion parameters between pa-
ients with and patients without AcomA collateral flow. In
eneral principle, the presence of prestenting collateral flow
ould predict increased cerebral blood flow in response to
tenting. However, according to our previous study,23
ollateral flow can be remodeled dynamically in response to
arotid revascularization. The improved cerebral perfusion
fter carotid stenting may result in re-opening or closing of
comA and/or posterior communicating artery collateral
ow in circle of Willis. As the present study did not repeat
SA after stenting, it is difficult to evaluate whether the
ollateral flow in circle of Willis is remodeled after stenting
nd correlates with perfusion improvement. It is possible
hat the opening in one but closing in another collateral
ow may result in the nonsignificant difference of brain CT
reversed and forward ophthalmic flow in relation to
)
Analysis of GEE parameter
estimates
95% CI
OA flow*time
point
1 week
oststent
6 months
poststent Lower Upper P value
0  0.09 0.99  0.05 0.04 0.00 .060
3  0.07 1.00  0.05
0  0.09 0.97  0.07 0.01 0.04 .293
3  0.09 1.00  0.04
0  0.07 1.04  0.06 0.17 0.07 .001
9  0.07 1.02  0.13
0  0.09 0.99  0.08 0.11 0.03 .236
7  0.12 1.01  0.09
1  0.12 0.98  0.09 0.03 0.03 .966
6  0.14 1.01  0.09
2  0.05 1.02  0.04 0.09 0.00 .043
1  0.06 1.03  0.11
2  0.08 1.00  0.06 0.06 0.01 .005
3  0.08 1.00  0.06
2  0.09 0.98  0.07 0.03 0.05 .590
4  0.09 1.00  0.06
2  0.07 1.04  0.06 0.18 0.07 .001
9  0.06 1.02  0.14
3  0.09 0.97  0.06 0.02 0.03 .474
6  0.11 1.02  0.07
4  0.11 0.96  0.06 0.01 0.06 .167
8  0.14 1.00  0.08
1  0.06 1.04  0.07 0.13 0.03 .002
8  0.05 1.04  0.15
T, computed tomography; GEE, generalized estimating equations; MCA,
, standard deviation; TTP, time to peak.een
 SD
p
1.0
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Volume 56, Number 5 Chin et al 1287AcomA collateral flow. However, ophthalmic flow was
examined by carotid ultrasound before and after stenting,
and there was a consistent finding that all the reversed flow
returned to forward flow after stenting.
Our present study showed that the improvement of
brain CT perfusion after carotid stenting can be seen not
only in the MCA territory but also in the PCA territory. In
the MCA territory, the improvement can be found in both
subcortical and cortical areas. Among the CT perfusion
parameters, our study suggests that interhemispheric ratio
of TTP is the most sensitive CT perfusion determinant to
demonstrate the temporal improvement of cerebral perfu-
sion after carotid stenting. Our results also demonstrated
that patients with reversed ophthalmic flow had more se-
vere perfusion defects and the perfusion could be recovered
Fig 3. Comparison of brain computed tomography (C
and forward ophthalmic flow in relation to carotid stentin
areas. MCA, Middle cerebral artery; PCA, posterior ceremuch better than patients with forward flow. It is likely that fphthalmic collateral flow acts as a critical blood supply to
he hypoperfused hemisphere. In the presence of reversed
phthalmic flow, it is suggested that carotid revasculariza-
ion is indicated to prevent subsequent ischemic stroke.
hemonitor of changing collateral perfusion to the brain in
atients undergoing carotid revascularization may help
hysicians to secure the success and safety of carotid stent-
ng.
The level of ipsilateral CBF can be improved 20% to
0% over baseline in most asymptomatic patients immedi-
tely after carotid endarterectomy and may last for several
ours.24,25 Some patients may have severe long-lasting
ncreases of CBF to levels of 100% to 200% over baseline,25
hich is commonly defined as hyperperfusion. Using
ingle-photon emission computed tomography scanning
rfusion (time to peak [TTP]) change between reversed
patients with unilateral carotid stenosis in different brain
rtery.T) pe
g inor the prestenting measurement of acetazolamide-induced
d
p
w
s
i
b
t
p
p
f
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patients at risk of hyperperfusion after carotid endarterec-
tomy.26 Cerebral hyperperfusion syndrome can occur after
carotid endarterectomy or stenting, and its clinical diagno-
sis is based on several nonspecific signs and symptoms. It is
possible that without brain image study, patients may be
misdiagnosed as having one of the better known causes of
perioperative complications like thromboembolism.27
To prevent clinical misdiagnosis and to investigate the
potential predictor of hyperperfusion injury, we used brain
Table IV. Comparison of brain CT perfusion change betw
in relation to carotid stenting in patients with unilateral car
Stenting side/nonstenting side ratio (mean
Area/time point Perfusion
AcomA
collateral 1 week prestent
MCA total area CBV Presence 1.05  0.07
Absence 1.04  0.08
CBF Presence 1.00  0.08
Absence 0.98  0.10
TTP Presence 1.17  0.21
Absence 1.15  0.21
PCA area CBV Presence 1.06  0.34
Absence 0.99  0.08
CBF Presence 0.98  0.15
Absence 0.97  0.088
TTP Presence 1.07  0.08
Absence 1.06  0.13
MCA cortical area CBV Presence 1.06  0.09
Absence 1.06  0.08
CBF Presence 1.00  0.10
Absence 0.99  0.11
TTP Presence 1.17  0.22
Absence 1.18  0.24
MCA subcortical
area aareaarea
CBV Presence 1.04  0.08
Absence 1.04  0.07
CBF Presence 0.97  0.08
Absence 1.00  0.11
TTP Presence 1.14  0.21
Absence 1.17  0.22
AcomA, Anterior communicating artery; CBF, cerebral blood flow; CBV, ce
generalized estimating equations; MCA, middle cerebral artery; PCA, poste
Table V. Comparison of prestenting brain CT perfusion p
(n  102) poststenting ICH
CBV ratio
No ICH ICH No
MCA 1.04  0.08 1.02  0.22 1.03
Cortical 1.05  0.10 1.01  0.26 1.04
Subcortical 1.04  0.11 1.00  0.24 1.42
PCA 1.02  0.17 1.02  0.08 1.00
CBF, Cerebral blood flow; CBV, cerebral blood volume; CT, computed to
posterior cerebral artery; TTP, time to peak.
aP  .0191, Student t-test.CT to identify the etiology of poststenting neurological meterioration, and we compared the prestenting brain CT
erfusion difference between patients with and patients
ithout poststenting ICH. Our study showed that in the
ix cases with poststenting ICH, the prestenting TTP ratio
ncreased significantly in the MCA subcortical area at the
asal ganglion level. As poststenting ICH occurs mainly in
he basal ganglion area27 and five of our six cases had
oststenting ICH in the basal ganglion, it is likely that
restenting TTP at MCA subcortical area can be predictive
or poststenting ICH. As mentioned earlier, delayed TTP
patients with and patients without AcomA collateral flow
stenosis
)
Analysis of GEE parameter
estimates
95% CI
AcomA*time
point
1 week
oststent
6 months
poststent Lower Upper P value
4  0.10 0.98  0.05 0.04 0.02 .630
0  0.07 1.00  0.05
3  0.11 0.97  0.06 0.04 0.04 .973
1  0.08 0.99  0.06
1  0.06 1.01  0.09 0.06 0.08 .763
9  0.07 1.03  0.10
3  0.13 1.03  0.14 0.06 0.18 .365
8  0.08 0.98  0.07
2  0.15 1.04  0.14 0.06 0.03 .421
8  0.12 0.98  0.07
3  0.07 1.03  0.03 0.05 0.01 .260
1  0.05 1.02  0.08
4  0.09 0.98  0.06 0.03 0.04 .763
3  0.07 1.00  0.06
2  0.09 0.97  0.06 0.04 0.06 .687
3  0.09 1.00  0.06
3  0.07 1.00  0.10 0.06 0.08 .751
9  0.06 1.03  0.10
6  0.14 0.97  0.04 0.05 0.01 .108
3  0.07 0.99  0.07
6  0.16 0.98  0.05 0.08 0.00 .076
5  0.10 0.98  0.08
0  0.06 1.00  0.08 0.05 0.07 .756
9  0.06 1.05  0.11
blood volume; CI, confidence interval; CT, computed tomography; GEE,
erebral artery; SD, standard deviation; TTP, time to peak.
eters between patients with (n  6) and patients without
CBF ratio TTP ratio
ICH No ICH ICH
13 1.23  0.46 1.08  0.20 1.23  0.25
16 1.26  0.53 1.08  0.22 1.22  0.24
22 1.20  0.47 1.07  0.19 1.29  0.29a
16 1.00  0.20 1.03  0.11 1.14  0.38
phy; ICH, intracerebral hemorrhage; MCA, middle cerebral artery; PCA,een
otid
 SD
p
1.0
1.0
1.0
1.0
1.0
0.9
1.0
0.9
1.0
0.9
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.9
1.0
1.0
1.0
1.0
1.0
0.9
rebralaram
ICH
 0.
 0.
 0.
 0.
mograay represent hemodynamic compromise of cerebral per-
11
1
1
1
1
1
1
1
1
2
2
2
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Volume 56, Number 5 Chin et al 1289fusion. Our results suggest that prestenting evaluation of
the perfusion status in MCA subcortical area may help
physicians in the preventive strategy against poststenting
ICH.
According to the latest large hospital-based study,28
carotid stenting is associated with an elevated incidence of
ICH than is carotid endarterectomy with an average rate of
4.4% in symptomatic patients. In our study, all poststenting
ICH occurred in symptomatic patients (7.2%, six in 83
patients) before 2005. Among the six ICH patients, two
had mortality and four had hemorrhagic stroke. This high
rate of ICHmay be due to the lack of understanding of the
importance to maintain adequate periprocedure blood
pressure during the first few years.
There are some limitations of the present study. First,
there is lack of effective tools to analyze the perfusion
change in patients with bilateral carotid stenosis. Second,
we did not examine the correlation of brain CT perfusion to
what is seen angiographically in stenting patients, which
could be helpful for decision making, particularly to the
interventionist. It may be correlated possibly with greater
numbers. Third, the open and close of circle of Willis
collateral may be related to brain CT perfusion change, but
we did not repeat angiography after stenting.
In conclusion, the present study showed that brain CT
perfusion can be used as a tool to detect the reconstitution
of cerebral hemodynamics and predict ICH after carotid
revascularization. Prolonged TTP ratio in the MCA sub-
cortical area on prestenting perfusion imaging may be a
good predictor for the occurrence of poststenting ICH.
The presence of reversed ophthalmic flow can be a sensitive
marker reflecting the insufficiency of hemispheric perfu-
sion, which may indicate the need of reperfusion treatment
to prevent subsequent stroke.
AUTHOR CONTRIBUTIONS
Conception and design: SC, CC, TL
Analysis and interpretation: SC, CC, TC, KH, TW, JL,
YC, TL
Data collection: SC, CC, TC, KH, TW, YC, TL
Writing the article: SC, CC, TL
Critical revision of the article: SC, CC, TC, TL
Final approval of the article: SC, CC, TC, KH, TW, JL,
YC, TL
Statistical analysis: JL
Obtained funding: TL
Overall responsibility: TL
SC and CC contributed equally to this work.
REFERENCES
1. Margey R, Drachman DE. Carotid artery disease and stenting: insights
from recent clinical trials. Curr Treat Options Cardiovasc Med 2011;
13:129-45.
2. Brott TG, Hobson RW, Howard G, Roubin GS, Clark WM, Brooks W,
et al. Stenting versus endarterectomy for treatment of carotid-artery
stenosis. N Engl J Med 2010;363:11-23.3. Blaser T, Hofmann K, Buerger T, Effenberger O, Wallesch CW, Go-
ertler M. Risk of stroke, transient ischemic attack, and vessel occlusionbefore endarterectomy in patients with symptomatic severe carotid
stenosis. Stroke 2002;33:1057-62.
4. Markus H, Cullinane M. Severely impaired cerebrovascular reactivity
predicts stroke and TIA risk in patients with carotid artery stenosis and
occlusion. Brain 2001;124:457-67.
5. Klotz E, König M. Perfusion measurements of the brain: using dynamic
CT for the quantitative assessment of cerebral ischemia in acute stroke.
Eur J Radiol 1999;30:170-84.
6. Wintermark M, Reichhart M, Cuisenaire O, Maeder P, Thiran JP,
Schnyder P, et al. Comparison of admission perfusion computed
tomography and qualitative diffusion- and perfusion-weighted mag-
netic resonance imaging in acute stroke patients. Stroke 2002;33:
2025-31.
7. Jain R, Hoeffner EG, Deveikis JP, Harrigan MR, Thompson BG,
Mukherji SK. Carotid perfusion CT with balloon occlusion and
acetazolamide challenge test: feasibility. Radiology 2004;231:
906-13.
8. Trojanowska A, Drop A, Jargiello T, Wojczal J, Szczerbo-Trojanowska
M. Changes in cerebral hemodynamics after carotid stenting: evaluation
with CT perfusion studies. J Neuroradiol 2006;33:169-74.
9. Waaijer A, van LeeuwenMS, van OschMJ, van der Worp BH,Moll FL,
Lo RT, et al. Changes in cerebral perfusion after revascularization of
symptomatic carotid artery stenosis: CTmeasurement. Radiology 2007;
245:541-8.
0. Hanley JA, Negassa A, Edwardes MD, Forrester JE. Statistical analysis
of correlated data using generalized estimating equations: an orienta-
tion. Am J Epidemiol 2003;157:364-75.
1. Kloska SP, Fischer T, Sauerland C, Buerke B, Dziewas R, Fischbach R,
et al. Increasing sampling interval in cerebral perfusionCT limitation for
the maximum slope model. Acad Radiol 2010;17:61-6.
2. Turk AS, Grayev A, Rowley HA, Field AS, Turski P, Pulfer K, et al.
Variability of clinical CT perfusion measurements in patients with
carotid stenosis. Neuroradiology 2007;49:955-61.
3. Waaijer A, van der Schaaf I, Velthuis BK, Quist M, van Osch MJ,
Vonken EP, et al. Reproducibility of quantitative CT brain perfusion
measurements in patients with symptomatic unilateral carotid artery
stenosis. AJNR Am J Neuroradiol 2007;28:927-32.
4. Serafin Z, Kotarski M, Karolkiewicz M, Mindykowski R, Lasek W,
Molski S, et al. Reproducibility of dynamic computed tomography brain
perfusion measurements in patients with significant carotid artery ste-
nosis. Acta Radiol 2009;50:226-32.
5. Bisdas S, Nemitz O, Berding G, Weissenborn K, Ahl B, Becker H, et al.
Correlative assessment of cerebral blood flow obtained with perfusion
CT and positron emission tomography in symptomatic stenotic carotid
disease. Eur Radiol 2006;16:2220-8.
6. Wintermark M, Thiran JP, Maeder P, Schnyder P, Meuli R. Simultane-
ous measurement of regional cerebral blood flow by perfusion CT and
stable xenon CT: a validation study. AJNR Am J Neuroradiol 2001;22:
905-14.
7. Furukawa M, Kashiwagi S, Matsunaga N, Suzuki M, Kishimoto K,
Shirao S. Evaluation of cerebral perfusion parameters measured by
perfusion CT in chronic cerebral ischemia: comparison with xenon CT.
J Comput Assist Tomogr 2002;26:272-8.
8. Rim NJ, Kim HS, Shin YS, Kim SY. Which CT perfusion parameter
best reflects cerebrovascular reserve? Correlation of acetazolamide-
challenged CT perfusion with single-photon emission CT inmoyamoya
patients. AJNR Am J Neuroradiol 2008;29:1658-63.
9. van der Schaaf I, Wermer MJ, van der Graaf Y, Hoff RG, Rinkel GJ,
Velthuis BK. CT after subarachnoid hemorrhage: relation of cerebral
perfusion to delayed cerebral ischemia. Neurology 2006;66:1533-8.
0. Garrett MC, Komotar RJ, Starke RM, Merkow MB, Otten ML, Con-
nolly ES. Radiographic and clinical predictors of hemodynamic insuffi-
ciency in patients with athero-occlusive disease. J Stroke Cerebrovasc
Dis 2008;17:340-3.
1. Hu HH, Wang S, Chern CM, Yeh HH, Sheng WY, Lo YK. Clinical
significance of the ophthalmic artery in carotid artery disease. Acta
Neurol Scand 1995;92:242-6.
2. Norrving B, Nilsson B, Risberg J. rCBF in patients with carotid occlu-
sion. Resting and hypercapnic flow related to collateral pattern. Stroke
1982;13:155-62.
22
JOURNAL OF VASCULAR SURGERY
November 20121290 Chin et al23. Chuang YM, Lin CP, Wong HF, Chang YJ, Chang CH, Chang TY, et
al. Plasticity of circle of Willis: a longitudinal observation of flow
patterns in the circle of Willis one week after stenting for severe internal
carotid artery stenosis. Cerebrovasc Dis 2009;27:572-8.
24. Jørgensen LG, Schroeder TV. Defective cerebrovascular autoregulation
after carotid endarterectomy. Eur J Vasc Surg 1993;7:370-9.
25. Sundt TM Jr, Sharbrough FW, Piepgras DG, Kearns TP,Messick JM Jr,
O’Fallon WM. Correlation of cerebral blood flow and electroencepha-
lographic changes during carotid endarterectomy: with results of sur-
gery and hemodynamics of cerebral ischemia. Mayo Clin Proc 1981;56:
533-43.26. Ogasawara K, Yukawa H, Kobayashi M, Mikami C, Konno H, Terasaki
K, et al. Prediction and monitoring of cerebral hyperperfusion after Scarotid endarterectomy by using single-photon emission computerized
tomography scanning. J Neurosurg 2003;99:504-10.
7. van Mook WN, Rennenberg RJ, Schurink GW, van Oostenbrugge RJ,
Mess WH, Hofman PA, et al. Cerebral hyperperfusion syndrome.
Lancet Neurol 2005;4:877-88.
8. McDonald RJ, Cloft HJ, Kallmes DF. Intracranial hemorrhage is
much more common after carotid stenting than after endarterec-
tomy: evidence from the national inpatient sample. Stroke 2011;42:
2782-7.ubmitted Jan 25, 2012; accepted Apr 17, 2012.
